Aims/hypothesis The aim of this study was to explore whether fat cell size in human subcutaneous and omental adipose tissue is independently related to insulin action and adipokine levels. Materials and methods Fat cells were prepared from abdominal subcutaneous biopsies obtained from 49 type 2 diabetic and 83 non-diabetic subjects and from omental biopsies obtained from 37 non-diabetic subjects. Cell size and insulin action on glucose uptake capacity in vitro were assessed in isolated fat cells. Insulin sensitivity in vivo was assessed with euglycaemic-hyperinsulinaemic clamps. Fasting blood samples were collected and adipokines and NEFA were measured. Results Negative correlations were found between subcutaneous fat cell size and insulin sensitivity assessed as M-value during clamp and as insulin action on glucose uptake in fat cells in vitro. This was seen in non-diabetic subjects after including age, sex and BMI in the analyses. No such relationship was found in type 2 diabetic subjects. In both groups, subcutaneous fat cell size correlated positively and independently with plasma levels of leptin but not to any of the other assessed adipokines. In nondiabetic subjects, omental fat cell size was independently and negatively correlated with insulin action in subcutaneous, but not omental, fat cells in vitro.
Introduction
The prevalence of obesity is rapidly growing worldwide and central, intra-abdominal adiposity is strongly related to several metabolic and cardiovascular alterations such as insulin resistance, hypertension and atherosclerosis [1, 2] . In addition to fat amount and distribution, fat cell size may be independently associated with insulin resistance [3] [4] [5] .
Enlargement of fat cells is found in obesity and has also been demonstrated in pre-diabetic individuals and in patients with type 2 diabetes [3, 4, 6] . A failure in recruitment of new fat cells due to impaired differentiation, possibly of genetic origin [7, 8] , may lead to a reduction in the capacity of the adipose tissue to accumulate lipids [9] . This may be paralleled by enlargement of the existing fat cells and also a 'spill-over' and ectopic accumulation of lipids in other tissues, e.g. muscle and liver [9] , which in turn contribute to insulin resistance [10] . This hypothesis is supported by effects following treatment with peroxisome proliferator activated receptor γ (PPARG) agonists, e.g. rosiglitazone and pioglitazone. Such agents improve insulin resistance in patients with type 2 diabetes, despite weight gain [11] , and one suggested mechanism is an activation of preadipose cell differentiation into adipocytes, i.e. recruitment of new, small fat cells [12] .
In addition, the adipose tissue is an endocrine organ, releasing hormones and adipokines, e.g. adiponectin, leptin and resistin. The amount of adipokines and NEFA released may be altered in the obese state and this may be related to enlargement of fat cells [4] . For example IL-6 and leptin release from subcutaneous adipocytes seems to be related to fat cell size [13, 14] . Thus, fat cell size may influence hormonal signalling within the adipose tissue itself and to other organs, e.g. muscle and liver, and may thereby also affect insulin sensitivity. Furthermore, local IL-6 and TNF-α levels could be elevated through an inflammatory response mediated by macrophage invasion possibly promoted by enlarged fat cells that display accelerated cell death [15] .
The aim of the present study was to explore whether fat cell size in the subcutaneous and omental depots, respectively, is directly related to whole-body and cellular insulin sensitivity and to plasma adipokine levels independently of body composition, and also to identify factors that influence fat cell size. In addition, comparisons were made between non-diabetic and type 2 diabetic subjects.
Subjects and methods

Subjects
The study cohort consisted of 132 subjects (69 women and 63 men), 83 non-diabetic subjects and 49 type 2 diabetic subjects diagnosed according to the 1998 WHO criteria [16] . They had a wide range of age (15-87 years) and BMI (19-49 kg/m 2 ). Anthropometric and biochemical characteristics of study participants are shown in Table 1 . Exclusion criteria were: cancer, endocrine disorders (except for treated primary hypothyroidism) or any acute illness. Nine of the non-diabetic subjects and 11 of the type 2 diabetic subjects were on antihypertensive medication. Three non-diabetic and two type 2 diabetic subjects were being treated for primary hypothyroidism. Five nondiabetic and three type 2 diabetic women were taking postmenopausal hormone replacement treatment. Ten of the type 2 diabetic subjects were treated with diet and exercise alone, 33 were on oral glucose-lowering agents and the remaining six were on insulin, alone or in combination with oral glucose-lowering agents.
Subcutaneous (n=132) adipose tissue was obtained through a needle biopsy from the lower part of the abdomen after dermal local anaesthesia with lidocain (Xylocain; AstraZeneca, Södertälje, Sweden). Omental adipose tissue biopsies were performed after induction of general anaesthesia in a subset (n=37) of the participants undergoing elective abdominal surgery. All subjects were fasting (>10 h). Fasting blood samples were collected on the morning of the biopsy or 1-2 months after the surgical procedure, respectively. Body fat and lean body mass (% of body weight) were determined by the bioimpedance technique (Bodystat 1500; Bodystat, Isle of Man, Great Britain) [17] . Data were obtained by pooling subjects (46 non-diabetic subjects, 48 type 2 diabetic subjects) from Data are means±SEM. MGU, maximal insulin effect on adipocyte glucose uptake, per cent of basal; n.a., non applicable n=number of non-diabetic/type 2 diabetic subjects, respectively (when data not available for all subjects). a Reference 3.9-5.3% (Swedish MonoS standard). * p<0.05, *** p<0.001 vs non-diabetic subjects other studies performed by our group and focussing on other aspects of insulin resistance [5, [18] [19] [20] , with some additional subjects (37 non-diabetic subjects and one type 2 diabetic subject) also being recruited. Subjects were included in this study if subcutaneous and/or omental fat cell size and either insulin sensitivity in vivo assessed during clamp or insulin action on glucose uptake in vitro (in either fat depot, i.e. subcutaneous or omental) or adipokine levels were available. All subjects gave their informed consent and the Umeå University Ethics Committee approved the studies.
Materials Adenosine deaminase and collagenase A were obtained from Roche Diagnostics Scand (Bromma, Sweden). Bovine serum albumin (fraction V) and N 6 -(R-phenyl-isopropyl)adenosine, were provided by SigmaAldrich Sweden (Stockholm, Sweden). D-[U- 14 C]glucose (specific activity 52.1 MBq/mg) was purchased from Amersham Pharmacia Biotech (Bucks, UK) and DMEM and Hanks' medium 199 were obtained from Invitrogen Life Technologies (Groningen, the Netherlands). Human insulin (Actrapid, 100 U/ml) was from Novo Nordisk (Copenhagen, Denmark).
Assessment of cell size and glucose uptake in isolated adipocytes Isolated fat cells were obtained by mincing and thereafter shaking the tissue samples in polypropylene containers at 37°C for 1 h in medium 199 containing 5.6 mmol/l glucose, 40 g/l BSA and 0.6 g/l collagenase. Following collagenase digestion, cells and medium were filtered through a nylon mesh and washed four times with fresh medium before start of the glucose uptake experiments and fat cell size assessment. The size of isolated adipocytes was assessed as described by Smith et al. [21] . In brief, approximately 0.5 ml of cell suspension was placed in a monolayer on a glass slide and the diameter of 100 consecutive cells obtained from one subject was determined with a light microscope with an inbuilt ruler. The cell size is reported as the average cell diameter (μm) of 100 cells from the subcutaneous and, in a subset, also from the omental depot. As an alternative measure of cell size, the average cell volume was also calculated, assuming that adipocytes are spherical. As expected, subsequent analyses using these data displayed essentially identical results on associations between cell size and insulin sensitivity or adipokines. Therefore we only present data on cell size expressed as cell diameter.
The glucose uptake assay was performed in fresh cells, essentially as previously reported [19] . Cellassociated radioactivity was determined by scintillation counting. Under these experimental conditions glucose uptake is mainly determined by the rate of transmembrane glucose transport [22] and it is calculated as glucose clearance from the incubation medium according to the following formula:
The maximal insulin-stimulated (1,000 mU/l) glucose uptake rate (MGU) was expressed as per cent of the basal, non-stimulated glucose uptake to provide a measure of insulin action in vitro.
Blood chemistry and insulin sensitivity Commercial enzymatic kits were used to analyse adiponectin, leptin (Linco Research, St Charles, MO, USA), NEFA (Wako Chemical USA, Richmond, VA, USA), IL-6 and TNF-α (R&D Systems, Minneapolis, MN, USA). Serum insulin concentrations were measured by microparticle enzyme immunoassays (Immulite 2000, DPC, Los Angeles, CA, USA; Abbot Imx, Abbott Laboratories, Abbott Park, IL, USA). The CVs for the hormone analyses were 2.7-8.3% within assays and 3.6-9.6% between assays. For details see [20] . All other measurements were made according to routine methods at the Department of Clinical Chemistry, Umeå University Hospital. Insulin sensitivity in vivo was assessed as glucose infusion rate, i.e. the M-value, at steady state (60-120 min) of a 2-h euglycaemic-hyperinsulinaemic (56 mU m −2 body surface area min −1 ) clamp. This procedure was performed as previously described in detail [20, 23] .
Statistical analyses Statistical analyses were performed using the SPSS package (version 11) (SPSS, Chicago, IL, USA). Data are presented as means ± SEM. The following variables were logarithmically (ln log) transformed due to skewed distributions: MGU in subcutaneous cells, TNF-α, IL-6 and leptin. Differences between groups were analysed by one-way ANOVA. Univariate linear regressions were used to assess associations between subcutaneous and omental fat cell size and other variables (subcutaneous and omental MGU, M-value, HbA 1c , adiponectin, IL-6, leptin, TNF-α, NEFA, LDL:HDL ratio, systolic and diastolic blood pressure, BMI, WHR, % body fat). The main focus of this study was to explore whether fat cell size in the subcutaneous and omental depots is related to adipokines and measures of insulin sensitivity after adjustment for indices of adiposity (BMI, WHR, body fat). In that part of the study, such variables were included in simple regression analyses. Variables displaying statistically significant associations in the univariate analyses were subsequently included in the multivariate step-wise regression analyses always adjusting for age and sex. The multivariate models with the highest adjusted r 2 value are reported. Standardized β-coefficients and the adjusted r 2 values are presented. A p value of <0.05 was considered statistically significant.
Results
Anthropometric and biochemical characteristics Anthropometric and biochemical characteristics are presented in Table 1 . Type 2 diabetic subjects were older (p<0.05), had larger subcutaneous fat cells (p<0.05) and higher WHR (p<0.001), HbA 1c (p<0.001), LDL:HDL ratio (p<0.05) and plasma levels of NEFA (p<0.001) and IL-6 (p<0.05) than non-diabetic subjects. Type 2 diabetic subjects also had lower MGU (p<0.001), M-value (p<0.001) and plasma adiponectin levels (p<0.05) than non-diabetic subjects. There were no significant differences between non-diabetic and type 2 diabetic subjects with regard to BMI (19.0-49.3 and 21.9-33.8 kg/m 2 , respectively), % body fat or blood pressure (Table 1) . When, after exclusion of non-diabetic subjects <30 years old, the groups of non-diabetic and type 2 diabetic subjects were age-matched, similar differences were found between the groups. However, the differences in subcutaneous fat cell size and levels of IL-6 between non-diabetic and type 2 diabetic subjects were no longer statistically significant (data not shown). The basal glucose uptake rates in subcutaneous adipocytes from non-diabetic and type 2 diabetic subjects were 15.9±2.2 and 11.9±1.2 fl cell −1 s −1 , respectively (NS), and 13.7±2.2 fl cell −1 s −1 in omental adipocytes from the non-diabetic subjects. In nondiabetic, but not in type 2 diabetic subjects, a positive association between cell size and basal glucose uptake rate per cell was found in subcutaneous (r 2 =0.13, p=0.001) but not in omental adipocytes.
Predictors of subcutaneous fat cell size In all subjects, increasing age and female sex (p=0.013 and p=0.042) were associated with subcutaneous but not with omental fat cell size.
In non-diabetic subjects, BMI, WHR, % body fat and plasma leptin levels were positively correlated and subcutaneous MGU and M-value were negatively correlated with subcutaneous fat cell size. In a multivariate step-wise regression model adjusting for age and sex, it was found that BMI, plasma leptin levels and M-value (p=0.013, p=0.022 and p=0.043, respectively) were independent predictors, together explaining ∼60% of the variation in subcutaneous fat cell size (r 2 =0.63, p<0.001 for model). In type 2 diabetic subjects, BMI, % body fat and plasma leptin level were positively correlated with subcutaneous fat cell size, with plasma leptin level and BMI (p<0.001 and p=0.025, respectively) remaining in the multivariate step-wise regression model (r 2 =0.44, p<0.001 for model).
Subcutaneous fat cell size in relation to plasma adipokine and NEFA levels In non-diabetic subjects, subcutaneous fat cell size (Fig. 1a) , BMI, % body fat and subcutaneous MGU were all positively correlated with plasma leptin levels. In a multivariate model these factors were retained, and together they predicted ∼90% of the variation in plasma leptin levels (r 2 =0.89, p<0.001 for model) ( Table 2 ). There was no association between subcutaneous fat cell size and any of the other measured adipokines (data not shown).
In type 2 diabetic subjects, as in non-diabetic subjects, subcutaneous fat cell size (Fig. 1b) , BMI and % body fat were positively correlated with plasma leptin levels. In the multivariate step-wise regression model, subcutaneous fat cell size and % body fat were independent predictors of plasma leptin levels (r 2 =0.75, p<0.001 for model) ( Table 2) . No independent associations were found between subcutaneous fat cell size and fasting plasma levels of NEFA in any of the groups (data not shown) or between subcutaneSubcutaneous fat cell diameter (µm) Plasma leptin levels (ng/ml) 1 Relationship between subcutaneous fat cell size (diameter, μm) and plasma leptin levels (ng/ml) from non-diabetic (a) and type 2 diabetic subjects (b). There was a significant positive association between subcutaneous fat cell size and plasma leptin levels. R=0.519; p<0.001 (a); R=0.597; p<0.001 (b) ous fat cell size and the suppressed NEFA levels during clamp (the mean value of two samples collected after 60 and 120 min of hyperinsulinaemia, data not shown).
Subcutaneous fat cell size in relation to insulin resistance in vitro and in vivo In non-diabetic subjects, subcutaneous fat cell size (Fig. 2a) as well as BMI, WHR and plasma leptin levels were negatively correlated with MGU in subcutaneous fat cells, and the relationship between fat cell size and MGU remained after adjustment for age, BMI and sex. In a multivariate step-wise regression model, only plasma leptin levels and WHR remained predictors of subcutaneous MGU (r 2 =0.40, p<0.001 for model) ( Table 3) . None of the other assessed adipokines, i.e. adiponectin, IL-6 and TNF-α, or NEFA levels were independently correlated with subcutaneous MGU in non-diabetic subjects. In addition, subcutaneous fat cell size (Fig. 2b ) was negatively correlated with insulin resistance in vivo assessed during clamp (M-value), and for BMI, WHR and leptin there were close to significant negative associations (p=0.078, 0.083 and 0.052 respectively). In a multivariate model, cell size remained significantly and inversely associated with M-values (r 2 =0.17, p=0.014 for model) ( Table 3) .
No significant correlation was found between subcutaneous fat cell size and subcutaneous MGU or M-value in type 2 diabetic subjects (p>0.1); instead BMI and WHR (not shown) were negatively correlated with MGU in subcutaneous fat cells. In the multivariate step-wise regression analysis, only BMI was an independent predictor of subcutaneous MGU (r 2 =0.23, p=0.001 for model) (Table 3) . Furthermore, in these subjects, WHR but not BMI was negatively correlated with the M-value, this association remaining in the multivariate analysis (r 2 =0.11, p=0.041 for model) ( Table 3) . ) (b) in nondiabetic subjects. LBM, lean body mass. There were significant negative associations between subcutaneous fat cell size and glucose uptake rate and M-value. a R=−0.318; p=0.009; b R=−0.450; p=0.014; c R=−0.492; p=0.011 Omental fat cell size in relation to BMI, insulin resistance and plasma levels of adipokines and NEFA In a subgroup of non-diabetic subjects (n=37), omental fat cell size was assessed following biopsies during abdominal surgery. In these subjects, BMI, WHR, diastolic blood pressure, LDL: HDL ratio and subcutaneous MGU were all correlated with omental fat cell size. In a multivariate step-wise regression model, subcutaneous MGU, LDL:HDL ratio and BMI remained predictors of omental fat cell size (r 2 =0.62, p<0.001 for model).
Omental fat cell size correlated negatively with subcutaneous (Fig. 2c) but not with omental MGU (not shown) and explained ∼20% of the variation in subcutaneous MGU (r 2 =0.21, p=0.011 for model) in a multivariate step-wise regression model. There was a near-significant association between subcutaneous fat cell size and MGU in subcutaneous fat cells in these subjects (p=0.053). In these subjects insulin resistance in vivo assessed as M-value was not available. Instead, homeostasis model assessment of insulin resistance (HOMA-IR) was used as a surrogate. However, no significant association between omental fat cell size and HOMA-IR index was found in these subjects (not shown).
No significant correlation was found between omental fat cell size and the levels of leptin or any of the other assessed adipokines, i.e. IL-6, adiponectin and TNF-α, as well as NEFA (n=22, p>0.1) (data not shown).
Discussion
In this study we tried to elucidate the possible associations between fat cell size, levels of adipokines and insulin sensitivity in non-diabetic subjects and in type 2 diabetic patients. Insulin action was assessed in fat cells with respect to glucose uptake and in vivo with the euglycaemic-hyperinsulinaemic clamp technique. We showed that subcutaneous fat cell size is associated with BMI, WNR and leptin in both non-diabetic and type 2 diabetic subjects. In non-diabetic subjects subcutaneous and omental fat cell size are independently associated with insulin resistance in vitro; moreover, there is a correlation between subcutaneous fat cell size and insulin resistance in vivo. However, other factors such as BMI, WNR and levels of leptin are also of importance. In type 2 diabetic subjects, BMI and WHR but not fat cell size, predict insulin resistance, both in vivo and in vitro. Taken together, these and previous [3, 4] observations support the idea that enlargement of fat cells may predict and possibly contribute to the development of type 2 diabetes.
Interestingly, we found a stronger association for omental than for subcutaneous fat cell size vs glucose uptake in subcutaneous fat cells, suggesting that some factor, e.g. adipokine(s), released from omental fat cells may affect insulin action in subcutaneous cells. However, we have no clear explanation of this association, since omental fat cell size did not correlate with plasma levels of any of the assessed adipokines or NEFA. Retinolbinding protein 4 released from adipose tissue has been implicated in the development of insulin resistance [24] , but retinol-binding protein 4 was not assessed in this study. Glucose uptake capacity in adipose tissue is low compared with that in muscle, for example. Our finding that omental fat cell size may predict 20% of the variation in insulin action on subcutaneous glucose uptake capacity may therefore seem to be of limited physiological interest. However, as shown by Shepherd and co-workers in a study on rodents [25] , modest changes in adipose tissue glucose turnover can have large secondary effects on whole-body glucose metabolism. Small alterations in subcutaneous glucose uptake capacity may therefore also be of importance in humans. Moreover, large omental cells may directly influence liver and muscle glucose utilisation via yet unknown mediators released into the circulation. Nonetheless, it is likely that a defect in cellular insulin action in adipose tissue is of importance for the development of insulin resistance in other organs, and that it thus can contribute to whole-body insulin resistance and risk of developing type 2 diabetes. However, it is not possible from this cross-sectional study to establish time relationship and causality between fat cell size and whole-body insulin resistance and type 2 diabetes. After the development of type 2 diabetes, factors other than fat cell size probably become more important in the promotion of insulin resistance, e.g. high NEFA and glucose levels [20] . Compared with a small fat cell, a large fat cell might not only be insulin-resistant with respect to glucose uptake capacity, but also with respect to the antilipolytic effect of insulin. If so, a large fat cell would release elevated levels of NEFA and glycerol, thereby enhancing hepatic glucose output as well as muscle and whole-body insulin resistance [26] . Surprisingly, we could not find any clear evidence for NEFA as a messenger between fat cell size and insulin resistance in the present study, since no independent relationship was found between fat cell size in either depot and plasma levels of NEFA either in the basal condition or during hyperinsulinaemia. However, these results should be interpreted with caution due to limitations in the assay for detection of low concentrations of NEFA. Furthermore, recent results from our group have shown that there was no association between fat cell size and lipolytic rate or the antilipolytic effects of insulin in vitro (M. Lundgren, J. Burén, P. Lindgren, T. Myrnäs, T. Ruge and J.W. Eriksson, unpublished data). Altogether, these findings are in line with the study by Weyer et al. [4] , which showed that NEFA release does not explain the relationship between fat cell size and M-value.
The levels of leptin were dependent on body composition (BMI and % body fat) and subcutaneous fat cell size in non-diabetic and type 2 diabetic subjects, respectively. This is in agreement with the fact that leptin is produced mainly in subcutaneous adipose tissue [27] . In nondiabetic, but not in type 2 diabetic subjects a strong relationship between leptin levels and insulin action on glucose uptake in subcutaneous fat cells was also found. Previous studies have shown a relationship between in vivo insulin resistance and leptin levels [28, 29] , and leptin has been shown to cause insulin resistance in rat fat cells in vitro [30] . Since leptin was associated with subcutaneous fat cell size as well as insulin resistance in vitro in this study, leptin may serve as a marker and possibly be a link between fat cell size and insulin resistance. On the other hand, fat cell enlargement could also develop as a consequence of leptin resistance, which could lead to elevated diacylglycerol acyltransferase 2 activity and triacylglycerol assembly [31] .
Adiponectin has previously been shown to be negatively associated with adiposity as reviewed in Fantuzzi et al. [32] and it is known that adiposity is positively associated with fat cell size. In that context it is surprising that we could not find any relation between subcutaneous or omental fat cell size and plasma adiponectin levels. The present data cannot provide answers on this issue, besides suggesting that other factors than fat cell size regulate adiponectin secretion.
IL-6 and TNF-α have been implicated in the development of insulin resistance [33] [34] [35] and adipocyte function in vitro [36] , and the local adipose tissue levels of these cytokines could possibly be elevated due to macrophage aggregation in response to elevated fat cell death following enlargement of fat cells [15] . However, the importance of adipocyte-derived TNF-α and IL-6 for insulin resistance is still under debate [34] . In this study we could not find any independent associations between plasma levels of TNF-α or IL-6 and fat cell size or insulin resistance. As suggested previously, these adipokines may have mainly paracrine effects [14, 37] .
Large fat cells may merely be a sign of reduced capacity in adipose tissue to recruit and differentiate new fat cells. This propensity can be of genetic origin and appears to covary with insulin resistance [7, 8] . Impaired expression of genes regulating adipogenesis, e.g. PPARG and sterol regulatory element binding transcription factor 1, has been shown to be related to insulin resistance [38] and treatment with thiazolidinediones improves insulin sensitivity in parallel with enhancing the differentiation of new, small adipocytes [11, 39] . Other suggested mechanisms linking fat cell size and insulin resistance are alterations in the expression pattern of immune-related genes and an altered cholesterol balance in cellular membranes of enlarged adipocytes [40, 41] . Furthermore, a combined excess in energy intake and impaired adipogenesis could be manifested as enlarged fat cells and NEFA spill-over from adipose tissue to muscle and liver, where they accumulate as ectopic triacylglycerols. This is found in obese subjects and subjects with type 2 diabetes [10, 42] and is associated with reduced insulin sensitivity [43] [44] [45] [46] .
There are obviously limitations to this study. It is based on a cohort consisting of subjects pooled from other studies. Omental fat biopsies were obtained only from non-diabetic subjects and hence, no comparisons can be made between non-diabetic and type 2 diabetic subjects regarding this fat depot. In addition, the subjects donating omental fat samples underwent a surgical procedure. Even though the blood samples from this subgroup were obtained 1-2 months after the surgery, there might still be some changes in blood chemistry related to the surgical procedure. Moreover, whole-body insulin sensitivity assessments with glucose clamps were available only in a subset of participants (29 non-diabetic subjects and 30 type 2 diabetic subjects), and it was not performed in the patients undergoing surgery.
In summary, subcutaneous and omental fat cell size is related to cellular insulin resistance in subcutaneous fat cells as well as to whole-body insulin resistance in nondiabetic subjects. The mechanisms behind these relationships are not entirely clear, but adipokines with autocrine, paracrine or endocrine effects could be involved. The levels of leptin show a strong relationship with both subcutaneous fat cell size and insulin resistance and may therefore be a link between the two. Three hypotheses could be suggested based on the present and previous findings, namely that enlarged fat cells are a manifestation of: (1) (over)filled energy stores; (2) genetically determined disability to differentiate new fat cells; or (3) a local inflammatory and/or endocrine alteration in adipose tissue. All of these might contribute to increased fat cell size, lipid spill-over and an altered adipose-derived signalling to other tissues, thereby promoting insulin resistance. 
